To identify the genes responsible for characteristics, that are different as between sake brewing yeasts and laboratory yeast strains, we used a DNA microarray to compare the genome-wide gene expression profiles of a sake yeast, Saccharomyces cerevisiae K-9 (kyokai 9), and a laboratory yeast, S. cerevisiae X2180-1A, under shaking and static conditions.
Sake is a traditional alcohol beverage in Japan that is made from rice. Starch contained in rice is converted to glucose by the addition of koji, a culture of Aspergillus oryzae growing on the surface of steamed rice. The starch is broken down by amylases produced by A. oryzae. The glucose contained in mash is converted to ethanol by sake yeasts in the same vat at the same time. The main difference between sake brewing and beer brewing is that the latter is carried out in two independent steps, saccharification and fermentation, while sake brewing is carried out in one step in which saccharification and fermentation occur simultaneously. This is called multiple parallel fermentation. Sake yeast strains can produce 20% ethanol through the sake brewing procedure, which is carried out at 10 to 15 C for 15 to 20 days. Sake is the only alcoholic beverage that can be brewed at such a high ethanol concentration.
The yeast strains used for sake brewing have been selected for hundreds of years to have characteristics suitable for sake brewing, including high ethanol tolerance, high ethanol productivity, high fermentation ability at low temperatures and high osmotic tolerance. Sake yeast strains have also been selected for certain characteristics that affect the taste of sake, such as high ester productivity, low organic acid productivity, and low amino acid productivity. Although sake yeast strains, like laboratory yeast strains such as X2180-1A, belong to the same species (Saccharomyces cerevisiae), they differ significantly in their brewing characteristics. In the attempt to create of stress-tolerant yeast strains based on the transcriptome data of the sake yeast strain, 1) DNA microarray is a tools to elucidate the mechanisms responsible for their different characteristics. We tried to analyze the differences between the features of sake yeast, K-9, and those of laboratory yeast strain X2180-1A, based on DNA microarray analysis under shaking and static conditions, which is one of the typical differences in fermentation from usual growth conditions.
Materials and Methods
Yeast strains, medium, and growth conditions. Yeast strains for the DNA microarray analysis were Saccharomyces cerevisiae K-9 (kyokai 9, sake yeast), and X2180-1A (MAT a, a laboratory yeast). Both strains were precultured in YPD medium at 30 C for 24 h under shaking conditions. Precultured cells were inoculated into 100 ml of YPD medium, resulting in an OD 660 nm of 0.1. Cultivations were carried out at 30 C under shaking conditions or static conditions without shaking until OD 660 nm reached 1.0. Cultivation periods to harvest were 6.5 h for K-9 and 7.5 h for X2180-1A under shaking conditions, and 9.8 h of both strains under static conditions. DNA microarray analysis. Yeast cells were harvested when OD 660 nm reached 1.0. Cultivated cells were collected by centrifugation and washed twice with sterilized distilled water. Total RNA was extracted from the yeast-cell pellet by the hot phenol method.
2) The probes were prepared and hybridized, and the microarray data were acquired and analyzed as described previously.
3) Twenty-five mg of total RNA was labeled with Cy3-or Cy5-conjugated dCTP (Amersham Pharmacia Bioscience, Piscataway, NJ) by reverse transcription with a yeast-specific primer mix provided by Eurogentech (Seraing, Belgium) as a primer, to prepare the probes. The probes were cleaned up and concentrated using a Qia-quick PCR purification kit (Qiagen, Hilden, Germany), and concentrated mixture of each Cy3-and Cy5-labeled cDNA probe was hybridized on Yeast Chip ver. 2.0, purchased from DNA Chip Research (Yokohama, Japan). The microarray was hybridized at 65 C overnight in a humid chamber, washed, dried, and scanned using an FLA-8000 Fluorescent Image Analyzer (Fuji Film, Tokyo).
DNA microarray data were obtained for two independent culture experiments under each condition. Each experiment included two hybridizations in which the dyes were swapped, so that four hybridizations were done for each condition.
Data analysis. Microarray data were analyzed with GeneSpring 6.0 software produced by Silicon Genetics (Redwood City, CA) statistically. The fluorescence intensities were normalized by the Lowess method with Gene Spring 6.0. Genes overexpressed in K-9 were defined as those whose expressions were at least 2-fold greater than the corresponding expressions in X2180-1A, and genes underexpressed in K-9 were defined as those whose expressions were no more than half the corresponding expressions in X2180-1A, at least in three of four experiments under each condition. Furthermore, differences in gene expression levels in K-9 and X2180-1A were compared by Student's t-test and judged significant when p < 0:05. The genes were categorized by the Search for Functional Distribution of Gene Lists of MIPS Functional Catalogue (http://mips.gsf.de/proj/ funcatDB/search main frame.html), and the descriptions of genes were according to the Munich Information Center for Protein Sequences (MIPS). The expression data of the genes which were expressed significantly in K-9 under shaking or static conditions were shown in clusters, which were analyzed in each functional category, using an average linkage clustering algorithm, and a similarity measure of distance with the color indicating their expression levels as compared with those in X2180-1A.
Results
Genes which were over-or underexpressed by 2-fold under shaking conditions and/or static conditions in K-9 more than in X2180-1A were categorized by their function, and we analyzed the gene expression profile of K-9 as compared with those of X2180-1A.
Metabolism. The expression profiles of genes which are categorized in metabolism are shown in Fig. 1 . According to the results of the functional distribution of genes, significant subcategories in the metabolism of genes expressed in K-9 were amino acid metabolism (pvalue, 1.44e-07), C-compound and carbohydrate metabolism (p-value: 4.71e-10), lipid, fatty acid, and isoprenoid metabolism (p-value, 1.22e-05), and metabolism of vitamins, cofactors, and prosthetic groups (p-value, 1.42e-07).
As for industrial brewing yeast, one of the important features is high ethanol productivity, and they are supposed to have high ability of carbon source utilization. Among the genes involved in C-compound and carbohydrate utilization, GLK1 (aldohexose specific glucokinase), LSC2 (succinate-CoA ligase beta subunit), and MNN1 (-1,3-mannosyltransferase) were overexpressed under both conditions. Genes involved in glycolysis and gluconeogenesis pathways, including ACS1 (acetyl-CoA synthetase), SFA1 (long-chain alcohol dehydrogenase), and PGM2 (phosphoglucomutase, major isoform), and the genes involved in starch and sucrose metabolism, GLC3 (1,4-glucan branching enzyme), GSY1 (UDP glucose-starch glucosyltransferase, isoform 1), GSY2 (UDP-glucose-starch glucosyltransferase, isoform 2), MUC1 (extracellular -1,4-glucan glucosidase), TPS1 (,-trehalose-phosphate synthase, 56 KD subunit), TPS2 (,-trehalose-phosphate synthase, 102 KD subunit), TSL1 (,-trehalose-phosphate synthase, 123 KD subunit), and the genes involved in fructose and galactose metabolisms, GRE3 (aldose reductase), GCY1 (galactose-induced protein of aldo/ keto reductase family), and UGP1 (UTP-glucose-1-phosphate uridylyltransferase) were overexpressed under shaking conditions. Among the genes in C-compound and carbohydrate utilization, genes involved in tricarboxylic-acid (TCA) cycle, ACO1 (aconitate hydratase), CIT1 (citrate (si)-synthase, mitochondrial), KGD1 (2-oxoglutarate dehydrogenase complex E1 component), MDH1 (malate dehydrogenase precursor, mitochondrial), MDH2 (malate dehydrogenase, cytoplasmic), SDH1 (succinate dehydrogenase flavoprotein precursor), SDH2 (succinate dehydrogenase iron-sulfur protein subunit), SDH3 (cytochrome b560 subunit of respiratory complex II), and SDH4 (succinate dehydrogenase membrane anchor subunit for sdh2p), were also overexpressed under shaking conditions.
Among the genes involved in amino acid metabolism, ADI1 (Aci-reductone dioxygenease, involved in the methionine salvage pathway), ALT1 (with a strong similarity to alanine transaminases), BNA5 (with a strong similarity to rat kynureninase), CAR2 (ornithine aminotransferase), GCV1 (glycine decarboxylase, subunit T), GCV3 (glycine decarboxylase, subunit H), SAM1 (S-adenosylmethionine synthetase 1), SAM2 (Sadenosylmethionine synthetase 2), and SHM2 (serine hydroxymethyltransferase, cytoplasmic) were overexpressed under static conditions. On the contrary, BNA1 (3-hydroxyanthranilic acid dioxygenase), YJR078W (tryptophan 2,3-dioxygenase), HIS4 (histidinol dehydrogenase), HIS5 (histidinol-phosphate aminotransferase), HIS7 (glutamine amidotransferase), ILV5 (ketol-acid reducto-isomerase), LYS9 (saccharopine dehydrogenase), MET6 (5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase), MUP3 (low-affinity methionine permeas), PRO1 (glutamate 5-kinase), SER2 (phosphoserine phosphatase), and SER33 (3-phosphoglycerate dehydrogenase) were underexpressed under shaking conditions. And CPA2 (arginine-specific carbamoylphosphate synthase, large chain), LEU4 (2-isopropylmalalate synthase), LEU9 (strong similarity to Leu4p), MET17 (O-acetylhomoserine sulfhydrylase), SUL1 (sulfate permease I), and YHR033W (with a strong similarity to glutamate 5-kinase) were underexpressed under static conditions. Furthermore, genes involved in metabolism of the aspartate family, ASN1 (asparagine synthetase), ASP3-1, ASP3-2, ASP3-3, and ASP3-4 (all four genes encode L-asparaginase II), LYS20, LYS21 (homocitrate synthase), YFR055W (with a strong similarity to beta-cystathionases), CBF1 (centromere binding factor 1, which is present at several sites, including MET gene promoters, and centromere DNA element I encoded by CDEI), ARO10 (with a similarity to Pdc6p, Thi3p, and to pyruvate decarboxylases), and ARO9 (aromatic amino acid aminotransferase II) were underexpressed under both conditions.
Many genes involved in lipid, fatty acid, and isoprenoid metabolism were overexpressed in K-9. ACH1 (acetyl-CoA hydrolase), ACP1 (mitochonrial acyl-carrier protein), COQ1 (hexaprenyl pyrophosphate synthetase precursor), CSG2 (calcium dependent regulatory protein, which is required for mannosylation of inositolphosphorylceramide and for growth at high calcium concentrations), ERG25 (C-4 sterol methyl oxidase), IPT1 (mannosyl diphosphorylinositol ceramide synthase), OPI3 (methylene-fatty-acyl-phospholipid synthase), OSH2 (a member of oxysterol-binding protein family), SUR1 (which is required for mannosylation of sphingolipids), TSC10 (3-ketosphinganine reductase), and YDC1 (alkaline dihydroceramidase) were overex- pressed under shaking conditions. Among the genes involved in lipid, fatty acid, and isoprenoid metabolism, ARE2 (acyl-CoA sterol acyltransferase), CYB5 (cytochrome b5), ERG5 (C-22 sterol desaturase), ERG7 (lanosterol synthase), ERG8 (phosphomevalonate kinase), ERG10 (acetyl-CoA C-acetyltransferase, cytosolic), ERG13 (3-hydroxy-3-methylglutaryl coenzyme A synthase), ERG20 (farnesyl-pyrophosphate synthetase), ERG26 (C-3 sterol dehydrogenase, which is C-4 decarboxylase), ERG28 (involved in the synthesis of ergosterol), IDI1 (isopentenyl-diphosphate delta-isomerase), MVD1 (mevalonate pyrophosphate decarboxylase), YEH1 (similarity to triacylglycerol lipases) and YPC1 (alkaline ceramidase) were overexpressed under static conditions. Genes involved in lipid, fatty acid, and isoprenoid biosynthesis were HMG1 (3-hydroxy-3-methylglutaryl-coenzyme A reductase 1), OLE1 (stearoyl-CoA desaturase), PLB1 (phospholipase B, which is lysophospholipase), SCS7, which is required for hydroxylation of ceramide, and YNL045W, which encodes protein hydralyse leukotriene-like substrates, were overexpressed under both conditions. Most of these genes involved in lipid, fatty acid, and isoprenoid metabolism were not only overexpressed under one condition but were also expressed at the same levels or rather higher in X2180-1A under other conditions.
Among the genes in the metabolism of vitamins, cofactors, and prosthetic groups, genes involved in thiamine metabolism were significantly overexpressed under static conditions, including THI2 (a regulator of thiamine biosynthetic genes), THI3 (a positive regulation factor of thiamin metabolism), THI4 (involved in thiamine biosynthesis and DNA repair), THI5 (a pyrimidine biosynthesis protein), THI11 (a thiamine regulated gene), THI12 (a protein involved in the synthesis of the thiamine precursor hydroxymethylpyrimidine, HMP), THI20 (hydroxymethylpyrimidine phosphate, HMP-P, kinase), THI21 (a hydroxymethylpyrimidine phosphate kinase, involved in the last steps of thiamine biosynthesis).
In addition to significant subcategories, genes in nucleotide metabolism, including MTD1 (methylenetetrahydrofolate dehydrogenase, NAD þ ), ADE1 (phosphoribosylamidoimidazole-succinocarboxamide synthase), ADE2 (phosphoribosylaminoimidazole carboxylase), ADE4 (amidophosphoribosyltransferase) and ADE17 (5-aminoimidazole-4-carboxamide ribotide transformylase), were overexpressed under static conditions. Among the genes involved in phosphate metabolism, PHO3 (a constitutive acid phosphatase precursor), PHO5 (a repressible acid phosphatase precursor), PHO8 (a repressible alkaline phosphatase vacuolar), PHO11 (a secreted acid phosphatase), PHO12 (a secreted acid phosphatase), and PHO81 (cyclin-dependent kinase inhibitor) were underexpressed under both conditions.
Energy. The expression profiles of genes in the category of energy are shown in Fig. 2 . The significant subcategories were electron transport and membraneassociated energy conservation (p-value, 1.53e-16), respiration (p-value, 1.45e-19), fermentation (p-value, 0.00196), metabolism of energy reserves (p-value, 0.000852), and energy conversion and regeneration (pvalue, 0.000852). Among the genes involved in electron transport and membrane-associated energy conservation, eight ATP genes, COR1 (ubiquinol-cytochrome-c reductase 44 K core protein), six COX genes, YMR145C (mitochondrial cytosolically directed NADH dehydrogenase), NDI1 (NADH-ubiquinone-6 oxidoreductase), MCR1 (cytochrome-b5 reductase), QCR2 (ubiquinolcytochrome-c reductase 40KD chain II), and QCR7 (ubiquinol-cytochrome-c reductase subunit 7) were overexpressed under shaking conditions. Additionally, COX15 (cytochrome oxidase assembly factor), CYC1 (cytochrome-c isoform 1), CYC7 (cytochrome-c isoform 2), CYT1 (cytochrome-c1), QCR9 (ubiquinol-cytochrome-c reductase subunit 9), and RIP1 (ubiquinolcytochrome-c reductase iron-sulfur protein precursor) were overexpressed under both conditions.
The genes in fermentation, ALD2 (aldehyde dehydrogenase 2, NAD þ ), ALD3 (stress-inducible aldehyde dehydrogenase), and ALD4 (aldehyde dehydrogenase, mitochondrial) were overexpressed under shaking conditions.
Cellular transport, transport facilitation, and transport routes. The expression profiles of genes in the categories of cellular transport, transport facilitation, and transport routes are shown in Fig. 3 . The significant subcategories were transported compounds (substrates) (p-value, 9.10e-17), which includes ion transport, Ccompound and carbohydrate transport, amino acid transport, electron/hydrogen transport and drug transport, and transport ATPases (p-value, 1.77e-06).
Among the genes in ion transport, expression of the genes involved in heavy metal ion transport (Cu, Fe, etc.) in K-9 were different from those in X2180-1A. CCC2 (P-type ATPase involved in the export of Cu 2þ from the cytosol into intracellular, secretory compartments), FTH1 (with a similarity to Iron permease Ftr1p, YER145c), ARN1 (a transporter of ferrirubin, ferrirhodin, and other ferrichromes), and SIT1 (a transporter of the bacterial siderophore ferrioxamine B) were overexpressed under shaking conditions. CTR3 (an intracellular, cystein-rich protein involved in high-affinity copper uptake) was overexpressed under both conditions. On the other hand, ARR3 (a probable arsenite extrusion protein), COT1 (a vacuolar zinc and possibly other metal transporter), FET4 (a low affinity iron and copper transporter), FRE7 (with a similarity to Fre1p and Fre2p), and ZRT1 (zinc transporter I) were underexpressed under both conditions. FET3 (a cell surface ferroxidase with high affinity) was overexpressed under shaking conditions, and in contrast, underexpressed under static conditions. In this subcategory, among the genes involved in phosphate transport, PHO84 (inor-ganic phosphate permease) and PHO89 (Na þ /phosphate co-transporter) were underexpressed under both conditions, but PHO87 (low affinity phosphate transporter) was overexpressed under both conditions. Genes in C-compound and carbohydrate transport, GAL2 (galactose permease), seven HXT genes, JEN1 (lactate and pyruvate permease), VPS73 (with a similarity to glucose transport proteins), and YDL199C (with a similarity to sugar transporter proteins) were overexpressed under shaking conditions, and HXT4 (a hexose facilitator of moderately low affinity) was overexpressed under both conditions. Genes in amino acid transport, AGP2 (a carnitine permease), CAN1 (an arginine permease), DIP5 (a glutamate and aspartate permease able to mediate the transport of other amino acids), GNP1 (a broad-specificity amino-acid permease), LYP1 (a lysine permease), and PTR2 (a di-and tripeptide permease) were overexpressed under shaking conditions. TAT1 (a broadspecificity amino-acid permease) was underexpressed under both conditions. BAP2 (a broad-specificity aminoacid permease inducible by most neutral amino acids) was overexpressed under shaking conditions, but underexpressed under static conditions. MMP1 (S-methylmethionine permease), which has similarity to S-adenosylmethionine permease Sam3p, was underexpressed under both conditions.
In the electron/hydrogen transport subcategory, THI7 (a thiamine permase) was overexpressed under both conditions, and YOR071C (with a strong similarity to Thi7p), YOR192C (with a strong similarity to Thi7p) and YLR004C (with a similarity to allantoate transport protein) were overexpressed under static conditions.
The genes involved in drug transport were PDR11 (a full-size ABC transporter involved in sterol uptake), SGE1 (a putative substrate-H þ antiporter conferring resistance to crystal violet and to 10-N-nonyl acridine orange, NAO), TPO1 (a vacuolar polyamine-H þ antiporter), TPO2 (a proposed vacuolar polyamine transporter) and TPO4 (proposed vacuolar polyamine transporter) were overexpressed under shaking conditions. HOL1 (a putative substrate-H þ antiporter of unknown biological function) and YHR032W (an ethionine resistance protein) were overexpressed under both conditions. Genes encode the multidrug transporters, SNQ2, PDR5, and YIL121W, were underexpressed under both conditions.
The genes involved in transport ATPases, PMA2 (a poorly expressed, H þ -transporting P-type ATPase), PMC1 (a vacuolar P-type ATPase transporting Ca 2þ into the vacuole), PMP2 (a H þ -ATPase subunit in the plasma membrane), and ENA1, ENA2, and ENA5, which encode plasma membrane P-type ATPase, involved in Na þ and Li þ efflux, were overexpressed under shaking conditions.
Transcription. The expression profiles of the genes in transcription are shown in Fig. 4A . Among the genes categorized into transcription, CUP9 (involved in copper homeostasis repression of protein import), MBR1 (required for optimal growth on glycerol), and STP4 (involved in pre-tRNA splicing and in uptake of branched-chain amino acids) were overexpressed under shaking conditions, and MGA1 (with a similarity to heatshock transcription factors) were overexpressed under both conditions. SMP1 (a MADS-box transcription factor), which is involved in regulating the response to osmotic stress, and ROX1 (a heme-dependent transcriptional repressor of hypoxic genes) were overexpressed under static conditions. NET1 (required for rDNA silencing and nucleolar integrity), ESC4 (which establishes silent chromatin), and SAS10 (involved in silenc- ing) were underexpressed under shaking conditions. FLO5 (a member of the Flo1p family of flocculation proteins) was underexpressed under both conditions. Protein synthesis. The expression profiles of the genes in the category protein synthesis, are shown in Fig. 4B . In this category, the genes categorized into their representative subcategory, ribosome biogenesis, including MNP1 (with a strong similarity to cricetus mitochrondial ribosomal L12 protein), 19 MRP genes, NAM9, PET123, RML2, RPS22A and five RSM genes, were overexpressed under shaking conditions. A gene underexpressed under both conditions was KRS1 (lysyltRNA synthetase, cytosolic).
Protein fate (folding, modification, and destination).
The expression profiles of the genes in protein fate are shown in Fig. 4C . Among the genes which encode proteiolytic enzymes, AXL1 (a haploid specific endoprotease), MAP1 (a methionine aminopeptidase, isoform 1), YPS3 (a GPI-anchored aspartyl protease 3, yapsin 3), RPN5 (a subunit of the regulatory particle of the proteasome), STE13 (a type-IV dipeptidyl aminopeptidase), and FPR4 (a nucleolar peptidylprolyl cis-trans isomerase, PPIase) were underexpressed under shaking conditions, while YBR139W (with a strong similarity to The expression profiles of the genes in K-9 are shown in two columns, indicating culture conditions: a, shaking conditions, and b, static conditions, in same way as in Fig. 1 . The expression profiles of the genes in each category are shown at to A, transcription, B, protein synthesis, and C, protein fate. carboxypeptidase), PEP4 (an aspartyl protease), YPS1 (aspergillopepsin), APE3 (a vacuolar aminopeptidase Y), PRC1 (carboxypeptidase y, serine-type protease), and LAP4 (an aminopeptidase yscI precursor, vacuolar) were overexpressed under shaking conditions. The genes encoding the heat-shock protein family, such as HSP26, HSP31, HSP42, HSP78, HSP104, and MDJ1 (a heatshock protein chaperone), and FMP31 (with a similarity to D. melanogaster heat-shock protein 67B2) were overexpressed under shaking conditions. Cell cycle and DNA processing. The expression profiles of the genes in cell cycle and DNA processing are shown in Fig. 5A . They were categorized into DNA processing and mitotic cell cycle and cell cycle control, but there was no statically significant subcategory. Among the genes involved in DNA processing, CLN2 (cyclin, G1/S-specific), MLP1 (a myosin-like protein related to Uso1p), RAD6 (an E2 ubiquitin-conjugating enzyme), RAD9 (a DNA repair checkpoint protein), RDH54 (required for mitotic diploid-specific recombination and repair and meiosis), YRF1-1 and YRF1-2 (Yhelicase protein 1), YRF1-4 (a protein with similarity to other subtelomerically-coded Y-helicase proteins) were underexpressed under shaking conditions. The genes involved in mitotic cell cycle and cell-cycle control, including CBF5 (putative rRNA pseuduridine synthase), FAR1 (a cyclin-dependent kinase inhibitor, CKI), MYO4 (a myosin heavy-chain, unconventional, class V, isoform), NDJ1 (meiotic telomere protein), PIN4 (similarity to S. pombe Z66568 C protein), REX4 (with a strong similarity to X. laevis XPMC2 protein and YGR276c), SLK19 (involved in the control of spindle dynamics together with kar3p), SMC1 (a chromosome segregation protein), NUF1 (a spindle pole body component), UTH1 (involved in the aging process), ZDS1 (involved in negative regulation of cell polarity), and YLR179C (with a similarity to Tfs1p), were underexpressed under shaking conditions. SNZ1 (a stationary phase protein) and SCM4 (a cdc4 suppressor) were overexpressed under shaking and static conditions.
Biogenesis of cellular components, development (Systemic), cell type-differentiation, and cell fate. The expression profiles of the genes in the cell cycle and DNA processing are shown in Fig. 5B . The genes involved in budding, including AXL2 (required for axial pattern of budding), RAX2 (with a weak similarity to Pst1p), BUD3 (a budding protein), and UTR2 (a cellwall protein), were underexpressed under shaking conditions.
Interaction with the cellular environment and cellular communication signal transduction mechanism. The expression profiles of genes in these two categories are shown in Fig. 5C . The genes involved in pheromone response and mating-type determination and sex-specific proteins, including GIC2 (a cdc42 GTPase-binding protein), GPA1 (a GTP-binding protein subunit of the pheromone pathway), KEL2 (involved in cell fusion and morphogenesis), STE2 (a pheromone -factor receptor), STE4 (a GTP-binding protein beta subunit of the pheromone pathway), STE5 (a pheromone signal transduction pathway protein), STE6 (a full-size ABC transporter responsible for export of the a factor mating pheromone), MFA2 (a mating pheromone a-factor 2), LRG1 (a GTPase-activating protein of the rho/rac family), were underexpressed under both conditions.
Cell rescue, defense, and virulence. The expression profiles of the genes in the cell rescue, defense, and virulence categories are shown in Fig. 5D . Significant subcategories of this category were stress response (pvalue, 1.74e-07), which includes oxydative stress response, heat-shock response, and nutrient starvation response, and detoxification (p-value, 2.60e-09). Among the genes involved in stress response, CTT1 (catalase T, cytosolic), HSP30 (a heat shock protein), PPZ2 (a protein ser/thr phosphatase of the PP-1 family), and YRO2 (with a strong similarity to HSP30 heat-shock protein Yro1p), and the genes involved in detoxification, CCP1 (a cytochrome-c peroxidase precursor), PRX1 (a mitochondrial isoform of thioredoxin peroxidase), and SOD2 (a superoxide dismutase, Mn, precursor, mitochondrial), were overexpressed under shaking conditions. The genes categorized into their representative sub-category, stress response, including GTT1 (glutathione S-transferase), HOR7 (a hyperosmolarity-responsive protein), and YGP1 (a secreted glycoprotein), were overexpresed under both conditions. The genes, SSU1 (a protein mediating excretion of sulfite), LTV1 (a lowtemperature viability protein), GPX2 (glutathione peroxidases), and SRL1 (with a similarity to vanadate sensitive suppressor Svs1p) were underexpressed under shaking conditions. As for the genes required for anaerobic growth, TIR3 (a cell wall mannoprotein) was overexpressed under both conditions, and TIR4 (a cell wall mannoprotein involved in cell-wall maintanance) were overexpressed only under static conditions. The genes active in detoxification, CUP1-1 and CUP1-2, which encode metallothioneins, were underexpressed under both conditions. SED1 (an abundant cell-surface glycoprotein) was overexpressed under shaking conditions, but underexpressed under static conditions. Transposable elements and viral and plasmid proteins. The expression profiles of the genes relating transposable elements are shown in Fig. 5E . Thirteen genes encoding TY1 elements were underexpressed under both conditions, but the genes encoding TY2A elements, YCL020W, YCL019W, and YBL101W-A, were overexpressed under static conditions. Unclassified proteins. The expression profiles of the genes categorized unclassified proteins are shown in Fig. 6 . The unclassified genes which were over-or underexpressed under either shaking or static conditions numbered 105. Among the genes encoding unclassified proteins, 13 genes which encode strong similarity to subtelomeric encoded proteins were underexpressed under shaking conditions.
Discussion
Sake yeasts, which are strains of S. cerevisiae, have some special features for sake brewing, including high ethanol tolerance, high fermentative ability, higher growth rates under low temperature, low amino acid productivity, and high ester productivity. These strains have been selected through a long history of sake brewing, and are available as pure cultures. In this study, DNA microarray analysis under shaking and static conditions revealed further evidence of these special features and abilities from the viewpoint of gene expression profiles.
Sake yeasts show higher ethanol tolerance than do other yeast strains. 3, 4) A number of factors that affect ethanol tolerance of yeast have been investigated, such as the trehalose content of yeast cells, 5) the degree of unsaturation of fatty acids in the cellular membrane, and the ergosterol content of yeast cells. 9) An ethanolsensitive mutant isolated by us from sake yeast was found to have a mutation in the erg6 gene, which is involved in the biosynthesis of ergosterol. Since the ERG6 gene complements the ethanol sensitivity of this mutant, it is clear that the ergosterol contained in yeast cells plays an important role in ethanol tolerance. 9) As for genes related to ethanol tolerance, as described above, the genes involved in trehalose biosynthesis, TPS1, TPS2, and TSL1, were overexpressed in K-9 under shaking conditions. OLE1, involved in the biosynthesis of unsaturation of fatty acids, 10) was overexpressed under both conditions. Genes involved in ergosterol biosynthesis were overexpressed under shaking and/or static conditions. Furthermore, two genes that are involved in sterol ester homeostasis and that were overexpressed in K-9 under static conditions are ARE2 11, 12) and YEH1. 13) All yeast cells convert large amounts of ergosterol to sterol ester, which is stored in lipid particles as a reservoir for eventual use in the cell membrane. 3, 14) Sterol ester homeostasis is important for the homeostasis of free ergosterol in yeast cells. Moreover, overexpression of two genes involved in the biosynthesis of S-adenosylmethionine, a methyl group donor for the methylation of zymosterol in the biosynyhesis of ergosterol, 15, 16) in K-9 under static conditions occurred. This result agrees with higher S-adenosylmethionine and ergosterol contents in K-9 than in X2180-1A under static conditions. 17) Since sterol biosynthesis requires molecular oxygen, the total sterol contents of yeast cells under static conditions were lower than under shaking conditions. However, the overexpression of genes involved in sterol biosynthesis and sterol ester homeostasis agree with the finding that total and free sterol contents of K-9 were more than those of X2180-1A under static conditions.
3) Many genes have been reported to be involved in ethanol tolerance in yeasts. Our finding that many of these genes were overexpressed in K-9 suggests that they might contribute to the higher ethanol tolerance of K-9.
Among genes involved in C-compound and carbohydrate metabolism, several were overexpressed in K-9 under static conditions, and many were overexpressed in K-9 under shaking conditions. The genes involved in starch, sucrose, galactose, and fructose metabolism were overexpressed in K-9 under shaking conditions. In addition, the genes involved in hexose transport and in the transport of other sugars were overexpressed under shaking conditions in K-9. However, the genes that are involved in the regulation of hexose transporters (SNF3, RGT1, and GRR1) 18) were not over-or underexpressed in K-9 under any conditions that we examined in this study. Furthermore, the genes involved in energy, including the TCA cycle, respiration, oxidative phosphorylation, ATP synthesis and fermentation, were overexpressed in K-9 under shaking conditions. Several of the genes overexpressed in K-9 that are involved in the uptake of C-compounds and carbohydrates, metabolism, respiration, and energy production are considered important to the higher growth rate in the early log phase, and to sugar consumption and the higher fermentation ability of K-9 as industrial yeast.
The genes that are involved in protein synthesis and protein fate (folding, modification, and destination) were overexpressed in K-9 under shaking conditions. Overexpression of the genes encoding MRPs (mitochondrial ribosomal proteins) 19) agree with the overexpression of genes involved in the respiration and oxidative phosphorylation pathways, which are located in the mitochondria of yeast cells. The overexpression of the genes involved in protein fate might support protein synthesis and growth of K-9 under shaking conditions. Genes involved in thiamine uptake and metabolism, such as THI7, which encodes a thiamine permease, were overexpressed in K-9 under both conditions. Thiamine is an important co-factor of pyruvate decarboxylase for ethanol production in yeast cells. As for the result that the expression of genes involved in thiamine metabolism is controlled by the level of thiamine, 20, 21) the level of thiamine in K-9 might be low due to the consumption of thiamine in yeast cells as a co-factor for pyruvate decarboxylase in ethanol fermentation, 21) and this might be one of the reasons for the overexpression of these THI genes in K-9. Although PHO3, which is involved in thiamine uptake 22) and is regulated in a same manner as THI genes, 21) is usually expected to be overexpressed in these conditions, PHO3 was extremely underexpressed under both conditions, just as the other PHO genes were in K-9. Additionally, the underexpression of PHO3 genes in K-9 under these conditions also disagreeds with the result that the expression of PHO3 is inhibited by that of PHO5.
23)
The genes involved in phosphate metabolism were underexpressed in K-9 under both conditions. Based on what is known about PHO gene regulation pathways, 24) underexpression of PHO81, which encodes a cyclindependent kinase inhibitor, might result in underexpression of other PHO genes. Additionally, the genes involved in polyphosphate synthetase, 24) VTC1, VTC2, VTC3, and VTC4, were underexpressed in K-9. Sake yeast strains don't express repressible acid phosphatase at high phosphate concentrations, while other yeast strains do. 25) This difference is used to discriminate sake yeasts from other contaminating yeasts by the acid phosphatase detecting plate method. 25) Our DNA microarray results agree well with the results of previous studies. In view of our results, there might be an alteration in the regulation system of PHO genes in K-9.
Underexpression of genes involved in amino acid metabolism was observed under shaking and/or static conditions. Among these genes, ASN1, ASP3-1, ASP3-2, ASP3-3, and ASP3-4, which are involved in asparagine biosynthesis, and LYS20 and LYS21, which encode homocitrate synthase, were underexpressed in K-9 under both conditions. Especially, ASP3-1, ASP3-2, ASP3-3, and ASP3-4, which encode L-asparaginase II, were extremely underexpressed. This result might indicate that these ORFs have alterations in the chromosome.
Among the genes involved in metal-ion homeostasis, CUP1-1 and CUP1-2, which encode metallothionein, 26) were underexpressed in K-9. However, CUP2, which encodes a transcriptional activator responsive to Cu 2þ , was not underexpressed. Sake yeast strains have a lower copper tolerance than other yeast strains, 27) and we confirmed that K-9 cannot grow on solid medium containing 5 mM Cu 2þ , while the laboratory yeast strain can (data not shown). Since there are the previous reports that tandem gene amplification mediates copper resistance in yeast, 28) and that S. cerevisiae X2180-1A has 20 copies of CUP1-1 and CUP1-2 in tandem, 29) the lower number of copies of CUP in K-9 might be the reason for its lower expression level and resulting lower copper tolerance.
The genes encoding transposable elements, viral and plasmid proteins, and TY1 elements were underexpressed in K-9 under both conditions. Polymorphisms of Ty element sites in S. cerevisiae have been reported. On the basis of simple restriction polymorphisms, analysis of the relation between S. cerevisiae S288C, laboratory yeast, and AB972, W303-1b, XJ24-24a, and J178, distillery yeasts, has been done. 30) Industrial yeasts have some variation in the Ty elements of their DNA from S. cerevisiae S288C, a laboratory yeast. Strains derived from S288C carry a defective Ty1 element inserted in the 3 0 region of the HAP1 ORF. 31) X2180, which is a strain derived from S288C, has this mutation, 32) while S. cerevisiae K7, a sake yeast, has the wild-type HAP1. Differences in the expression levels of ergosterol-related genes and ergosterol content between K7 and X2180 are largely due to the hap1 mutation in X2180. 32) Hap1p is also an important trans-acting factor in the transcriptional control of oxygen-responsive gene, and transcription of the aerobic genes is activated (mediated in part by the Hap proteins) under aerobic and hemeproficient conditions, while transcription of the hypoxic genes is derepressed (owing to loss of repression by Rox1p) under hypoxic and heme-deficient conditions.
33)
The expression levels of HAP1 are not different under either condition, but hap1p, which has a deficient function in X2180-1A, might cause the different expression profiles of aerobic and hypoxic genes between K-9 and X2180-1A.
In this study, we found that some hypoxic genes were overexpressed under shaking conditions, including CYC7, ATH1, TPS1, TPS2, OLE1, ERG25, and ERG26, 34) and on the contrary, that some aerobic genes were overexpressed under static conditions, including CYC1, CYT1, ERG13, HMG1, and MVD1. 34) Although the difference in expression profiles between aerobic and hypoxic genes cannot be explained only by the alteration of HAP1 in X2180-1A, these variations in expression the Ty element in K-9 might be related to the different expression of other genes, such as aerobic and hypoxic genes.
As mentioned above, some of the ability of sake yeast to tolerate the harsh conditions present in sake brewing is due to differences in the expression of certain of its genes. There might be some modification in regulatory pathways and genome structure in sake yeast. Further genetic analysis is needed to determine whether such modifications contribute to the unusual characteristics of sake yeast strains.
